We report the development of a transient thermo-physical finite element model (FEM) of wire electrical discharge machining (wire EDM) process to compute the temperature distribution in the workpiece and the material removal rate (MRR) therefrom. A novel approach considering the effect of overlap of multiple sparks has been developed which shows better agreement with the reported experimental results. Studies relating the effect of important process parameters on MRR have been carried out. The model has been validated using the reported experimental and numerical results.
Introduction
To meet stringent functional product requirements, new materials are being developed worldwide which are harder, tougher and temperature resistant. Non-conventional machining processes are used for the past 3-4 decades to machine these materials Jameson (2001) . The Electrical Discharge Machining (die sinking or wire EDM) process forms one of the most important processes among them. Wire EDM is widely used to manufacture precision dies, tools, surgical equipments, precision flexures BOIPAI (2014), wafering of silicon and machining of soft MnZn ferrite magnetic materials used for miniature systems. Attempts are being made to develop wire EDM to machine electrically non-conducting ceramic materials too Ho et al. (2004) .
Wire EDM is a very complex process which needs proper process conditions to be setup to meet stringent demands of surface quality, process productivity and cost. Extensive experimental studies are reported from industry and research. These, however, tend to be domain specific, time consuming and costly. In comparison, a comprehensive numerical model would provide a much superior option in terms of providing fundamental insight in the process as well as acting as a simulation based work bench.
Literature documents research efforts to model wire EDM to predict the temperature distribution and vibration of the wire. However, hardly any work seems to have been reported to compute the temperature distribution of the workpiece and the shape of crater cavity. The present research work is an attempt in this direction.
Literature Review
The literature on process modeling of wire EDM is broadly categorized as experimental (using Design of Experiments techniques) and analytical/numerical modeling (static or dynamic / vibrational) modeling of wire, thermal modeling of wire). Experimental research plans experiments using DoE techniques and correlates the input and output process parameters using regression or neural network approaches. Since main emphasis of this work is on numerical modeling, some representative experimental research papers have been included here. Azhiri et al. (2014) modeled effect of process parameters like pulse on and off time, gap voltage, discharge current, wire tension and wire feed on surface roughness. Saha et al. (2008) reported that surface roughness and cutting speed increase with rise in pulse on time, voltage, current, wire tension, feed and capacitance. Roughness decreases with increase in pulse offtime. Tosun & Pihtili (2003) experimentally studied effect of pulse duration, voltage, dielectric pressure and wire speed on crater depth and crater diameter of wire. It is concluded that higher pulse duration, voltage and wire speed cause higher wire wear and higher dielectric pressure decreases it.
The work on analytical and numerical modeling broadly focuses on structural and thermal modeling of wire EDM. Puri & Bhattacharyya (2003) , Luo (1999) and Han et al. (2007) have modeled the wire as a structural beam with an equivalent force generated due to plasma acting on it. For various process parameters, wire vibration, fracture due to stresses developed and the error in the machining profile due to deformation was estimated. Banerjee et al. (1993) estimated the wire temperature using finite difference method for single spark. Internal heat generation and convection heat transfer were taken into account with a constant convective heat transfer coefficient. Banerjee & Prasad (2010) extended the model developed by Banerjee et al. (1993) to include effects of multiple sparks with spark location chosen randomly. Saha et al. (2004) used similar approach with finite element method to compute the transient temperature distribution inside the wire. Han et al. (2008) modeled the wire as a cylinder and computed the 3 dimensional transient temperature distribution along the wire for single spark. Das & Joshi (2010) developed a thermal and vibrational model for micro wire EDM for both single and multi-spark to estimate the wire erosion rate.
It is seen that all these studies focused on the computation of the temperature field inside the wire. Hardly any research work has been reported to estimate the temperature distribution in the workpiece. This is important to study crater formation in the workpiece, estimate MRR as well as study thermal characteristics of the workpiece. No work has been reported on the modeling of multi-sparks and their effect on MRR in wire EDM. A need, thus, exists to develop a comprehensive process model to predict temperature distribution in the workpiece and use it to compute MRR. This is the focus of the present work.
Rest of the paper is organized as follows. Section 3 presents the modeling approach used in terms of the governing equation, boundary conditions and the method of solution. Sections 4 and 5 present the model validation using results from literature and the parametric studies. Section 6 summarizes the conclusions.
3 Thermo-Physical Model of Wire EDM
Overview of the Model
The main focus of the present research work is on the development of a multispark thermophysical numerical model to predict temperature distribution in the workpiece and to compute the MRR therefrom. In what follows, details of model formulation and solution are presented. Fig. 1a shows the schematic of wire EDM process along with the axial and transverse velocity directions. The transverse velocity is typically of the order of 1mm/min Saha et al. (2008) and discharge duration is of the order of 100 μs Manna & Bhattacharyya (2006) . Hence, the transverse velocity can be safely neglected during the discharge time. The existing models do not consider the effect of transverse velocity on the process Banerjee et al. (1993) ; Banerjee & Prasad (2010) ; Saha et al. (2004) ; Han et al. (2008) . In this work, a quasi-static approach will be used i.e., for a particular time interval, transverse velocity will be assumed to be zero. During this time, the temperature field in the workpiece is computed using the transient heat conduction equation. Locations where the temperature exceeds the melting point of the workpiece material will be assumed to be melted and carried away as debris due to flushing. Since this model aims to predict temperature distributions in the workpiece, computations related to the wire are not included in the mathematical formulation.
Model Geometry
The three dimensional heat conduction equation is given by: 
Assumptions
Following assumptions are made in the analysis:
• The workpiece material is homogeneous, isotropic and has uniform properties like thermal conductivity, specific heat, latent heat of melting and density
• The wire is completely stable. Its wear and vibrational motion is neglected
• Heat transfer primarily occurs through conduction and convection; radiation effect is neglected
• The convective heat transfer coefficient (h) is constant throughout the domain
• All the sparks are identical in nature except their locations
• Spark efficiency is considered to be 100% i.e., for each pulse, there is one spark produced.
• Flushing is 100% and there is no re-cast layer on the workpiece
Modeling Sparks and Heat Flux
This, we believe, is the new and significant contribution to the numerical model of wire EDM.
Location of Sparks
Okada et al. (2010) reported experimental results to predict location of sparks along the length of the wire. Fig. 1b shows the frequency of location of spark along wire length. Larger difference between the maximum frequency and the minimum implies higher charge concentration. Okada et al. (2010) and Banerjee & Prasad (2010) report that in wire EDM, the sparks occur in a cluster. When a crater is formed due to a spark, some material is deposited on the periphery of the crater. This region has a smaller inter-electrode gap and the probability of the next spark occurring near the periphery of the previous spark craters is more. Fig. 2a , shows the front view of the workpiece and wire axis along the line P-A-B-Q. If AB is the first crater formed, the possibility of subsequent spark is expected to be observed in the neighboring region. The subsequent spark center would occur on the segments BQ or AP. In the present work, locations of sparks are modeled on these lines. To consider the effect of wire axial feed rate, the Gaussian heat flux function is considered 2 dimensional elliptical with the major axis along the wire axis. The semi-minor axis (X) of the ellipse is of dimension same as spark radius whereas the semi-major axis (Y) is of length spark radius plus the spark on time multiplied by feed rate (Fig. 2b) . Reported works consider heat flux to be axisymmetric (circular) in nature which is applicable for die sinking EDM only.
Gaussian heat flux equation (Eq. 3) used by Joshi & Pande (2009) is reported to give better results over the conventional cylindrical heat flux for die sinking EDM. This equation is modified to consider the effect of wire feed rate. Eq. 4 Shahane (2015) is an elliptical Gaussian heat flux equation (Fig. 2b ) used in this work on Wire EDM.
Boundary Conditions
Fig . 2c shows the workpiece with spark at the front face. Other five faces of the cuboidal workpiece are assumed to have constant temperatures. There are two physical boundaries to the domain viz. the top and bottom and the four sides. The heat flux is very localized and is on for few hundreds of microseconds. Generally, spark radius is of the order of 10-100 μm, and the workpiece size is in mm or cm. It is thus, assumed that all the five boundaries are at room temperatures.
Convective Heat Transfer Coefficient
The fluid flow and heat transfer phenomenon in wire EDM are quite complex and hence coming up with a model to compute the convective heat transfer coefficient (h) is quite difficult.
Generally a constant value of h is assumed in literature Jennes et al. (1984) ; Banerjee et al. (1993) . Referring to Jennes et al. (1984) , h is assumed to have a value of 10000 W/m 2 K. The same value as used by Banerjee et al. (1993) and is reported to give good results.
Method of Solution
The main aim of the model is to compute temperature field in the workpiece which is a function of both time and space. The governing equation is used to write the equation for energy to get Eq. 5 Shahane (2015); Bathe (2006) . For each time instant, finite element method (FEM) is used. Code was developed in MATLAB using ODE solver for time marching.
where
T hT 0 dS. The steps involved in the development and solution of MATLAB based process model are as follows:
1. The workpiece domain is modeled as a cuboid with each side having dimension of at least five times the spark radius so that the boundary effects are not seen. 2. Material properties like thermal conductivity, specific heat, density and latent heat of melting are assumed to be independent of temperature to avoid non-linearity in the solution. The mean values of these properties are taken. 3. The specific heat of the workpiece is modified as shown in Eq. 6 to incorporate the effect of latent heat of melting. This strategy is suggested and used by Joshi (2010) and is found to give better agreement with the experimental results. The same is used in this work.
4. An eight noded linear thermal element is used. For meshing, a function is written which takes input as the workpiece dimensions and mesh size in each of the three directions and generates two matrices which are known as 'elements' and 'nodes'. The 'elements' matrix lists down the eight node numbers of each element and the 'nodes' matrix lists down the three cartesian co-ordinates of each node.. 5. Heat flux (Eq. 4) and constant temperature boundary conditions (Sec. 3.5) are applied. 6. The element matrices (Eq. 5) are computed and assembled for the entire body. The total analysis time is same as the discharge duration. Sparse matrices are used to store all the matrices because all the finite element matrices have most of the entries as zeros. Sparse matrices save memory and computation time both. 7. MATLAB ode113 function (multi-step variable order Adams-Bashforth-Moulton solver) is used for time marching. MATLAB ODE solvers are used for initial value problems (IVP). This transient thermal problem has both initial and boundary conditions. Hence The time-step is interactively decided by the solver depending on the tolerance values set by the user. In this work a tolerance of 1e-6 is set. 8. The temperature at each node is computed. All the elements whose average temperature is above the melting point of the material are assumed to be eliminated and hence a crater is considered to be formed. Figs. 3a and 3b show the workpiece in red translucent color with eliminated elements in green color for single and multiple sparks respectively. The maximum temperature values obtained from MATLAB simulations are mentioned in Table 1 . 9. For multiple discharge simulation, the heat flux is applied at different locations. All other details are same as that for single spark simulation. A comprehensive FEM program was developed in MATLAB (version 2013a) and run for various data sets. It was found that the execution time for the model was too high particularly when the mesh size was refined. To validate the MATLAB based process model and further improve its accuracy, it was decided to solve the process model using ANSYS Parametric Design Language (APDL) also. The steps used for APDL are similar to those discussed earlier with few additional points mentioned below:
1. The workpiece domain is modeled as a cuboid with each side having dimension of at least five times the spark radius so that the boundary effects are not seen. 2. Material properties like thermal conductivity, specific heat, density and latent heat of melting are specified as a function of temperature. The element used for meshing is Solid70 which is a thermal solid element. The number of elements is computed such that there are at least eight elements inside the spark region. 3. Figs. 4a and 4b respectively show the temperature contour and crater cross section for a single spark predicted by APDL model.
Comparison of Results
To check the correctness of the proposed FEM based process model, results obtained from the MATLAB code developed and those using ANSYS software were critically compared. Figs. 5a It is seen that when the meshing is kept same but coarse (around 10 4 elements) in APDL and MATLAB code, the maximum temperatures match. This shows the validity of the process model developed in MATLAB. However, for fine meshing (around 10 5 elements) in APDL, the temperature values are quite different. Using such a fine mesh in MATLAB to get the same accuracy, took execution time of about 2 hours.
Having validated the model, it was thus, decided to use APDL for further studies so that accuracy will not be compromised and execution time will also be low. Since the workpiece temperature is the basis of this work, the accuracy in temperature estimation is important. 
Process Model Validation
The thermal model discussed in the previous section is used to estimate the MRR of wire EDM. The process parameters considered in this work are Discharge Voltage (V), Current (I), Time (T ON ), Duty Cycle and axial wire Feed rate (f). It is difficult to estimate factors such as spark efficiency, recast layer, wire vibration and deformation, flushing and random behavior of the debris particles and include them into the model due to the complexity of the process.
A single spark model was developed which was validated using the experimental results of Joshi (2010) for die sinking EDM. Subsequently, a multi-spark model for wire EDM was developed and validated using experimental results of Manna & Bhattacharyya (2006) . The multiple spark model was seen to be in better agreement with the experimental results of wire EDM.
In what follows the validation results for both single and multiple spark models are presented.
Single Spark Model
The workpiece is modeled as a cuboid with a single spark occurring at the center of workpiece. MRR (mm 3 /min) is computed using Eq. 7.
Joshi (2010) conducted experiments on die sinking EDM to validate the single spark model. The work material chosen was AISI P20 Mold Steel. The voltage was kept as constant at 30V and duty cycle as 50% in all the experiments. The experimental MRR values and those predicted by our model are included in Fig. 6 .
It can be seen that the numerical simulations consistently over predict the MRR. This might be because of the simplifying assumptions in the analysis like no recast layer deposition and 100% flushing and spark efficiency. These process conditions are not achievable in practice as the dielectric is not able to flush the debris completely. Hence there is accumulation of material which causes recasting and reduction in spark efficiency. Although these issues are known, it is very difficult to experimentally or numerically quantify these parameters due to the complexity 
Multiple Spark Model
In practice, wire EDM is characterized by occurrence of multiple sparks. The single spark model is thus extended to incorporate the effect of multiple sparks. The first spark is assumed to occur at the center of the workpiece. After this spark, there is flushing which is modeled as convection occurring during the spark off time. In practice, the process uses this time to clean the debris and cool the workpiece and the wire. In the present work, only the workpiece continuum is modeled.
The next spark occurs after the convection cooling. It is very difficult to estimate the exact location of the subsequent spark. Sparks are observed to occur in cluster Kunieda et al. (2005) ; Banerjee & Prasad (2010) . As discussed earlier (Sec. 3.4.1), it is typically observed that the next spark occurs just on the periphery of the first spark.
In our model, the crater radius is estimated and the center of the next spark is assumed to occur between the points B and C (Fig. 7a) . The location of the second spark center is determined by a random location generated between B and C. Points A and B are located along the wire and the crater periphery formed due to the first spark. If diameter of the crater is d, points B and C are located along the wire such that distance between them is d/8.
Due to the occurrence of the second spark, another crater will be formed which has an overlap with the first crater (Fig. 7b) . Due to the overlap, the MRR due to second spark will be lesser compared to the first spark. Practically, many such overlapping craters will be formed. Repeating the simulation, it was seen that no substantial variation in MRR magnitude occurs after the second spark. Hence, MRR after the second spark is taken as an estimate for process MRR. This model was seen to give better results compared to idealized single spark model.
For validation of this model, we have used the experimental results of Manna & Bhattacharyya (2006) . Workpiece material is aluminium. Figs. 8a shows the plots of experimental MRR. It was seen that the trends of predicted MRR by the single and multiple spark model were very similar to experimental MRR. Fig. 8b plots the ratios of the MRR from the single spark model and multiple spark model respectively to the experimental MRR. It can be seen that the trend of both the curves are similar. Except a few kinks, the ratios are fairly constant. Both the single and multiple spark models over predict the MRR compared to the experimental The multiple spark model predicts results closer to the experimental values by about 50% which is quite significant. It can be concluded that the multiple spark model reported herein provides better prediction when compared to experimental results Manna & Bhattacharyya (2006) than the idealized single spark model. This model is thus, used further for carrying out parametric studies.
Parametric Studies
Using the multi-spark model described earlier, extensive parametric studies were carried out to predict MRR by varying five input process parameters. The material chosen is aluminium. The 
Effect of Discharge Current and Voltage
Figs. 9a and 9b shows MRR for various values of currents as well as the voltages and duty cycles. It is seen that MRR increases with the increase in discharge current. This is because higher discharge current implies more heat added to the workpiece and hence material removal increases. Similar trends of variation have been reported in the literature Joshi (2010); Chen & Mahdivian (2000) .
Effect of Discharge Time and Duty Cycle
To study the effect of discharge time on MRR, simulations were done. Atypical plot with 5% duty cycle (Fig. 10a) shows that the MRR initially rises with discharge time, attains a maximum and then reduces. Similar trends suggesting a peak have been observed in the literature on die sinking EDM Joshi (2010); Amorim & Weingaertner (2003) ; Panda & Bhoi (2005) .
For constant discharge current the incident power remains constant. As the discharge time increases, the spark radius increases (Eq. 2). Hence the heat flux intensity per unit area reduces. This, in turn, may reduce the temperature and therefore the MRR may reduce. Fig. 9a shows that with the increase in duty cycle the MRR increases. In wire EDM, it is recommended to have duty cycle typically in the range of 5-20 % Manna & Bhattacharyya (2006) ; Banerjee & Prasad (2010) .
Effect of Wire Feed Rate
Wire feed rate (axial speed) plays a very important role of avoiding the localized high temperatures and hence protecting the wire from breakage. Very scant literature is available reporting Figure 10 the effect of wire feed rate on wire EDM. The present work proposed a strategy (Sec. 3.4.2) to include the wire feed rate in the model. Results (Fig. 10b) show that for lower discharge time (100μs), MRR is independent of the wire feed rate while for higher discharge time (say 300μs), the MRR is seen to rise slightly with feed rate.
Validation with experimental results of Joshi (2010), Manna & Bhattacharyya (2006) and the parametric studies show that the effect of four process parameters (Discharge Current, Discharge Voltage, Discharge Time and Duty Cycle) is significant in governing MRR compared to the wire feed rate.
Conclusions
In this work, a multi-spark thermo-physical finite element model of wire EDM was developed to compute the temperature distribution in the workpiece and to estimate the MRR therefrom.
A novel strategy to model the occurrence of multiple sparks with overlapping craters was proposed and developed by modifying the single spark transient thermal heat transfer model. The model incorporated factors such as clustering of sparks, Gaussian heat flux, temperature dependent material properties and effect of latent heat of melting. Results obtained from both single spark and multi-spark models were validated with reported experimental and numerical results. It was observed that though the models over-predict the results compared to experimental ones, the trends of variation of MRR with process parameters are matching. The proposed multiple spark model predicted the MRR significantly closer to the experimental results compared to the single spark model. Parametric studies using the multi-spark model show trends similar to the reported results in die-sinking and wire EDM processes.
